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carotid plaques with a second narrowing of the internal
carotid artery (ICA) distal to a bifurcation stenosis are
associated with a lower stroke risk than plaques with lesser
degrees of stenoses.1,2 In addition, the watershed zones,
areas of the brain fed by the terminal branches of the pial
arteries and the most susceptible during low-flow states,
also may be common sites of small embolic strokes.3,4
Emboli of certain sizes appear to be directed to these ter-
minal branches by laminar flow.5,6
Currently, our ability to predict embolic events is poor.
This may be because of the limited ability to accurately
resolve the carotid plaque surface, presumably the source
of these emboli. To test this hypothesis, we correlated the
presenting neurologic symptoms of patients with carotid
plaque bifurcation surface morphology imaged ex vivo by
high-resolution magnetic resonance imaging (MRI). These
included potential sources of plaque fragmentation (ulcer-
ations) and several potential sources of flow abnormalities
and microthrombus formation: abrupt protrusions into the
lumen (ledges), complex shapes of the flow channel at the
area of maximal narrowing (stenosis), and the location of
the stenosis relative to the bifurcation.
In theory, carotid bifurcation atherosclerosis can cause
cerebral ischemia by reducing intracranial blood flow or by
shedding emboli that occlude distal branches of the
intracranial arteries. Current evidence suggests that
embolic arterial occlusions are the more common of these
two pathologic phenomena. Flow-limiting stenoses,
carotid plaques with stenoses of more than 95%, and
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Purpose: Many studies have linked carotid plaque surface irregularities with stroke risk, but this relationship has been
obscured by the limited ability of available imaging modalities to resolve plaque surface morphology. To address this
issue, we performed a prospective study correlating the presenting neurologic symptoms of patients with high-resolu-
tion magnetic resonance imaging (MRI; 200 m) studies of ipsilateral plaque surface invaginations and ledges, lumen
shape, and the location of the plaque bulk creating the stenosis.
Methods: One hundred patients, 17 women and 83 men, 45 to 81 years old (mean, 68 years) underwent surgery. Forty-
five patients had a transient ischemic attack (TIA) or stroke as the indication for surgery, and 55 patients had no symp-
toms. Angiograms were obtained in 50 patients. Carotid plaques were removed “en bloc” and placed in gadolinium
doped saline for imaging in a Siemens Symphony, 1.5T scanner with a custom-built transmit-receive radiofrequency coil.
The resulting slice thickness was 200 m, with 200 m by 200 m in plane resolution. The MRI data and angiograms
were reviewed by using National Institutes of Health Image software and read by consensus. A surface irregularity was
categorized as a ledge or ulcer and measured by using electronic calipers. Luminal shape was determined at the point of
maximal stenosis with a “slice” set at 90° to the lumen axis. The location of the maximal stenosis was recorded. In the
internal carotid artery, plaque bulk was designated to be on the flow divider wall or non-flow divider wall.
Results: The mean maximal stenosis was 81.5% ± 12.0%. Surface contour irregularities were found in 80 plaques.
Thirty-five plaques were graded as having major surface contour irregularities, and 45 plaques were graded as having
minor irregularities. There was a significant correlation between major surface irregularity and TIA or stroke (P < .01).
Irregular plaques were identified with angiography, but the irregularity in size was underestimated (P < .01). Only 28%
of plaques had circular lumens; 50% had elliptical lumens, and 22% had either crescentic or multi-lobular lumens. The
maximal stenosis was located in the internal carotid artery in 82 plaques, the bifurcation in 17 plaques, and the com-
mon carotid artery in one plaque.
Conclusion: Surface irregularities were revealed by means of submillimeter resolution of the carotid plaques with MRI
to be common, but only the presence of major irregularities correlated with the patient having TIA or stroke. Lumen
shape and plaque location did not appear to predict stroke risk, but may effect imaging accuracy in determining the
degree of stenosis. These data further define the relationship of plaque irregularity and cerebrovascular symptoms
caused by atheroemboli. (J Vasc Surg 2002;35:741-7.)
Of these surface features, only ulceration has been
examined previously. Ulceration of carotid bifurcation
atheroma has been the subject of numerous reports in sev-
eral decades, without a clear consensus as to the influence
of plaque ulceration on stroke risk.7 However, recent
reports from both North American Symptomatic Carotid
Endarterectomy Trial (NASCET) and European Carotid
Surgery Trial (ECST) trialists found that when carotid
plaque surface contour irregularities, primarily ulceration,
were seen on angiograms in patients with symptoms, the
risk of stroke was substantially higher than when a smooth
plaque surface was suggested by the angiogram.8,9 In
patients with no symptoms, those whose carotid plaques
have not shed an embolus, or at least not a clinically signif-
icant one, surface irregularities seen on angiograms do not
appear to be a means of predicting increased risk.10 This
inconsistency may reflect the disappointing specificity and
sensitivity of ulceration detection with angiography.11 It
also may reflect that surface abnormalities in these studies
are generally listed simply as present or absent. Such an
approach could obscure possible significant findings,
because large, compound ulcerations may create a greater
risk of stroke, whereas small ulcers may be benign.12,13 The
risk of stroke posed by plaque features creating flow abnor-
malities, ledges, stenosis location, and lumen shape has not
been examined because these features have not been iden-
tified reliably by means of gross examination,9,11,14 ultra-
sound scanning,15 or histologic sectioning.16
In our investigations, we used high resolution MRI
with 200-m in-plane resolution to define plaque mor-
phology. The MRI data set allows electronic sectioning of
the plaque in cross or longitudinal sections that can be
used as a means of categorizing and measuring the mor-
phology of plaques removed en bloc. In our earlier work,
we showed that plaque lumens are preserved with this
technique.17 Most plaque morphologic features are
demonstrated by means of the 200-m3 resolution, with
the exception of extremely thin fibrous caps and small fis-
sures. The most advanced in vivo imaging techniques cur-
rently resolve plaque at 1 mm3. Because our goal was to
define those features associated with increased risk of
stroke that could be observed in vivo, we examined only
features that were 1 mm or greater in size.
METHODS
Patients. We examined primary carotid plaques from
100 patients, who ranged in age from 45 to 81 years
(mean age, 68 years). All patients gave informed consent
in accordance with the Committees on Human Research
at the participating hospitals. The criterion for inclusion
into the study was removal of the plaque en bloc during
surgery. Any plaques that were received with tears or not
completely intact were discarded. Seventeen women and
83 men were included. Forty-five of the patients had
symptoms, with either a transient ischemic attack (TIA) or
stroke referable to the ipsilateral carotid artery within 3
months of surgery. Fifty-five patients had no symptoms.
Fifty patients underwent angiography as part of their
examination before carotid surgery. In all patients, the
indication for endarterectomy was the identification of a
stenosis with greater than 80% diameter reduction by
means of two imaging modalities.
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Fig 1. Plaque specimen removed by means of the “en bloc”
method to prevent destruction of the plaque lumen.
Fig 2. High resolution MRI sagittal section of plaque. The reso-
lution is 200 mm, with each slice thickness also 200 mm. Cross-
sectional images can be reviewed in any selected angle. In this
section, invaginations and a ledge in the ICA can be seen.
Fig 3. Plaque lumens were assigned to four categories as
depicted. Top left, circular; top right, crescentic; bottom left,
multi-lobular; bottom right, elliptical.
Plaque specimens. To remove the plaques “en bloc”
(Fig 1), we entered the artery in the common carotid at
the most proximal extent of the planned endarterectomy.
The adventitial layer was identified through this incision,
and only this layer was incised over the remainder of the
plaque. The lumen was re-entered beyond the disease in
the distal ICA. A shunt was then placed, when deemed
necessary. Once the proximal and distal extent of the
plaque was defined, the endarterectomy was performed.
Imaging plaque specimens. Endarterectomy speci-
mens were immersed in saline at surgery. This solution was
exchanged with saline doped with a 1-to-300 parts
gadolinium-diethylene-triamine-pentaacetic acid to maxi-
mize signal intensity of the medium surrounding the
plaque and within the lumen. The specimen was placed in
a 2-cm–diameter cylinder and imaged in a transmit-receive
RF coil, which was constructed with a small sensitive vol-
ume matched closely to the volume of the cylinder con-
taining the plaque. Imaging was done in a Siemens
Symphony, 1.5T scanner. The principal geometric mor-
phology sequence used was a three-dimensional gradient
echo sequence (TR, TE Flip angle; 40°, 12°, 20°), matrix
size 256 by 128, with 64 partitions. The field of view was
50- by 25- by 13-mm in the x, y, and z directions, respec-
tively, with a resulting slice thickness of 200 m (Fig 2)
and 200 m by 200 m in plane resolution.
Image assessment for plaque. The high-resolution
MRI data set was reviewed by using National Institutes of
Health Image software (Wayne Rasbard, NIH). All assess-
ments of lumen surface were done by means of consensus
of two independent readers. Because all observations were
measurable, disagreements were unusual. When they did
occur, a third reader acted as a “tie breaker.” To determine
the irregularity of the plaque surface, the slice stack was
reviewed in both the longitudinal and transverse planes.
When the surface was judged to be smooth, no further
images were reviewed. However, when the residual lumen
surface contour was found to be irregular, each irregular-
ity was categorized as a ledge or an invagination (ulcer)
and measured by using electronic calipers.
Irregularities were recorded when they extended
above or below the lumen surface for a distance greater
than 1 mm. Ulcerations were considered to be minor
when they extended less than 2 mm in depth and major
when they were deeper than 2 mm. Ledges were defined
as an abrupt (>45° angle) change in plaque surface pro-
truding into the lumen. When these were localized and
protruded less than 2 mm into the lumen, the irregular-
ity was termed minor. When the protrusion extended for
2 mm or more, it was graded as major. Occasionally,
there were multiple protrusions or ridges. When these
extended over more than 10 mm of plaque surface, the
irregularity was termed major, regardless of the height of
the protrusions.
The shape of the residual lumen at the level of the
maximal stenosis was identified on views arranged to be at
90° to the axis of the lumen. The shape was classified as
one of four types, circular, elliptical, multi-lobular, or cres-
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centic (Fig 3). The luminal shapes were defined as follows:
a lumen was identified as circular when the diameter of the
greater axis was less than 1.5 times the diameter of the
lesser axis; an elliptical lumen was defined as a rounded
shape in which the diameter of the greater axis was more
than 1.5 times the diameter of the lesser axis; a crescentic
lumen was defined as having a convex wall for approxi-
mately half the circumference and a straight or concave
wall for the other half; and a multi-lobular lumen was
defined as having multiple connected lobes or a distortion
that did not fit into the other categories.
To define plaque location, we used a location
schema18 to section the plaque into three areas: the com-
mon carotid artery (CCA); the bifurcation, designated as
the area from the point at which the CCA begins to widen
to the flow divider; and the ICA. The bulk of the plaque
forming the maximal stenosis was then determined to be
in one of these three regions (Fig 4). The position of the
maximal stenosis relative to the flow divider was measured
by using electronic calipers. Finally, the angle of the ICA
relative to the external carotid artery (ECA) and the angle
of ICA relative to the CCA were determined by using lines
that bisected the outer walls of the plaque as seen on lon-
gitudinal section.
Determination of irregularity with carotid angio-
grams. Carotid angiograms were reviewed for irregularity
by means of consensus of two independent readers. Biplanar
images were viewed whenever available, although irregular-
ity was seen uncommonly on the anteroposterior projection.
Fig 4. The location of the bulk of plaque creating the maximal
stenosis was determined to be in the CCA (top), at the bifurca-
tion (middle), and within the ICA (bottom).
Irregularities were recorded when they were greater than 1
mm. In most cases, the diameter of the undiseased CCA, as
calculated by means of MRI, was used to calibrate the
angiograms.
RESULTS
Degree of maximal stenosis. The mean percent
diameter reduction of these plaques was 81.5% ± 12.2% by
means of high-resolution MRI (range, 42%-98%). The
diameter was calculated as the residual lumen cross-
sectional area compared with the total specimen cross-
sectional area at the level of the maximum stenosis, assum-
ing circular lumen and vessel. The mean plaque cross-sec-
tional area in the plane of the maximal stenosis was 45.0
mm2, and the mean residual lumen area was 2.1 mm2. The
distribution of the maximal stenoses in these plaques is
shown in Fig 5. Our policy is to recommend carotid
endarterectomy as a prophylactic measure only when the
degree of stenosis advances beyond 80%. As a result,
lesions from patients without symptoms tended to have a
higher mean stenosis than lesions from patients with
symptoms, for whom surgery was recommended for
stenoses ranging from 50% to 99% (Fig 5). 
Surface contour irregularity. Surface contour
abnormalities were common in these advanced atheroscle-
rotic plaques. Only 20 of the 100 plaques were judged to
be smooth. Invaginations, or ulcers, were identified in 71
of the 100 plaques examined by means of high-resolution
MRI. In most plaques (66), these invaginations were less
than 2 mm in depth. Twenty-two plaques contained
invaginations between 2 and 4 mm in depth, and 16
plaques had lesions more than 4 mm deep. Forty-one
plaques had a single invagination, 27 plaques had two
invaginations, and three plaques had three invaginations.
When multiple invaginations were found, the plaque was
classified on the basis of the largest irregularity found.
Fifty-three percent of the invaginations were located
within the bifurcation or in the CCA, and 47 percent were
found in the ICA. Protrusions, or ledges, were found in
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Fig 5. Frequency distribution of the degree of stenosis as measured
by means of high-resolution MRI for the 100 plaque specimens.
Fig 6. Frequency distribution of the lumen shapes.
Fig 7. The distribution of the bulk of plaque along the FDW and
the NFDW of the ICA. Top: Plaque located on the NFDW.
Middle: Plaque located on the FDW. Bottom: Plaque equally dis-
tributed between the NFDW and the FDW.
46 plaques. These were graded as minor in 35 plaques and
major in 21 plaques. Ledges were often found in plaques
that also had ulcerations.
Surface irregularity and clinical symptoms. To
reflect total surface irregularity, we divided the plaques
into three groups: smooth, minor (containing irregulari-
ties 1-2 mm), or major (containing any irregularity ≥2
mm). The relationship between the clinical presentation
and surface irregularity is shown in Table I. The number
of smooth plaques was nearly equal among patients with
symptoms and patients without symptoms. Minor irregu-
larities were more common among patients without symp-
toms. There was a significant correlation between major
irregularities and symptomatic presentation (ie, a history
of hemispheric TIA or stroke; P < .01). When either
invaginations or ledges were considered separately, the
correlation with neurologic symptoms did not reach sta-
tistical significance.
When the distribution of plaque surface irregularities
was compared with the degree of stenosis, no correlation
was found. The relative number of smooth, minor, and
major surface irregularities was similar for plaques with
stenoses less than 70%, plaques with stenoses from 70% to
79%, plaques with stenoses from 80% to 89%, and plaques
with stenoses from 90% to 99%.
Luminal shape. The frequency distribution of the
lumen shapes at the level of the maximal stenosis are
shown in Fig 6. Fifty percent of the plaques had elliptical
lumens, and 28% had circular lumens. The more irregular-
shaped lumens, crescentic and multi-lobular, were found
in 22% of plaques. There was no correlation between
luminal shape and the degree of stenosis or the location of
the maximal stenosis relative to the flow divider of the
carotid bifurcation. In addition, there was no correlation
between clinical presentation and lumen shape.
Plaque location. The area of maximal stenosis was
located in the ICA in 82 specimens, within the carotid
bifurcation in 17 specimens, and in the CCA in one spec-
imen. Of the 82 specimens in which the bulk of the
plaque was located in the ICA, in 64 plaques (78%) the
main bulk of atheroma was located on the wall opposite
to the flow divider (ie, the non-flow divider wall
[NFDW]). In 14 plaques (17%), it was located on the
flow divider wall (FDW), and in four plaques (5%), the
plaque volume was equally divided between the NFDW
and the FDW (Fig 7).
In the ICA, the distance between the maximal steno-
sis and the flow divider varied from 0 to 20 mm. Table II
lists the frequency distribution of the distance from the
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bifurcation in both the FDW group and the NFDW
group. These data show that when the maximal stenosis
was less than 10 mm from the flow divider, the major
accumulation of plaque was more likely to be on the
NFDW, by a ratio of 49 to 4. In contrast, when the area
of maximal stenosis was 10 mm or more from the flow
divider, the ratio of plaques located on the NFDW versus
the FDW was only 3 to 2 (P < .01).
Comparison specimen and angiography. Although
the severity of plaque irregularity was significantly under-
estimated by means of angiography, only two plaques were
graded as smooth that had been graded as irregular by
means of high-resolution MRI (Table III).
Carotid bifurcation angle. Our data show that the
angle formed by the ICA and ECA varies from 20° to 70°,
with an average of 42°± 13° (mean ± SD). There was no
correlation between the angle and the location of the
plaque on the NFDW or FDW, nor between the location
of the maximal stenosis and the angle formed by the CCA
and the ICA origins, although angles could not be deter-
mined reliably in all specimens.
DISCUSSION
We used high-resolution MRI to obtain detailed
images of the surface morphology of 100 advanced ather-
osclerotic plaques. This unique modality allowed images of
the specimens to be reformatted as “slices” in a virtually
unlimited variety of orientations. Several views of specific
features could be examined to define the three-dimensional
surface contour of the plaque lumen. By using this data set,
we determined the surface contour irregularities, luminal
Table I. Surface irregularity
Clinical presentation Smooth Minor irregularity Major irregularity
Symptomatic plaques (N = 45) 10 8 27
Asymptomatic plaques (N = 55) 10 26 19
P < .01 by means of 2 test.
Table II. Frequency distribution for distance from bifur-
cation
Distance Plaques Plaques
from on FDW on NFDW
bifurcation (n = 14) (n = 64)
0-2 mm 2 15
2.1-4 mm 0 20
4.1-6 mm 1 6
6.1-8 mm 1 8
8.1-10 mm 4 3
10.1-12 mm 1 3
12.1-14 mm 1 1
14.1-16 mm 1 3
16.1-18 mm 1 3
18.1-20 mm 2 2
FDW, Flow divider wall; NFDW, non-flow divider wall.
shape, and plaque location in this series of carotid athero-
sclerotic lesions.
Surface contour irregularities occurred in 80% of
advanced atherosclerotic lesions, although only major sur-
face irregularities (>2 mm) had a significant correlation
with the patient’s history of TIA or stoke. Perhaps the size
of the plaque surface irregularity relates to the size of the
particulates shed. In experimental animals, infarction size
and frequency correlates with embolic fragment size.19
Other work also has demonstrated that the mammalian
brain will tolerate the injection of hundreds of micros-
pheres, sized 50 m or less, without apparent effect,20,21
although it is not clear that atheroemboli will be equally
well tolerated. An alternative speculation for the reduced
association of minor irregularity with neurologic symp-
toms is that surface irregularities smaller than 2 mm may
not shed emboli. These defects may be too small to pro-
mote the formation of microthrombi or the release of
plaque contents.
Both NASCET and ECST trialists have reported that
surface irregularities found by means of angiography were
associated with an increased risk of ipsilateral stroke, an
association found across all degrees of stenosis.8,9
However, other data from these two large multicenter tri-
als have shown that identifying surface irregularities by
means of angiography has a substantial false-negative and
false-positive rate when compared with gross examination
of the plaque.9,11 Our relatively small study comparing
irregularity seen by angiography with irregularity seen by
high-resolution MRI of the plaque specimen suggests that
angiography has good sensitivity in detecting the presence
of surface irregularities. This discrepancy is a result of the
inclusion of small irregularities (1 mm). Data on plaque
surface irregularity from NASCET only included definite
ulcerations,8 and the ECST trialists included only subjec-
tive assessment of ulceration,9 presumably only including
irregularities larger than 1 mm. However, our data
demonstrate that the size of the irregularities was under-
represented by angiography in more than half the cases,
negating its clinical usefulness in this area.
Although we did not find an association between
luminal shape and clinical symptoms, our data dispel
reports suggesting that lumen shape nearly always
remained circular, despite the formation of complex,
eccentric arterial plaques.22 The data also demonstrate the
potential vagaries of estimating the severity of stenosis by
means of routine angiography. In vessels with advanced
atherosclerotic lesions, when the projected dye column is
presumed to represent the diameter of a circular lumen,
substantial errors occur. Multiple views are required and,
depending on the lumen configuration, even this may not
allow adequate resolution of the stenosis. We previously
reported that the degree of carotid stenosis was underesti-
mated in 37% of cases and overestimated in 6% of cases
with X-ray angiography.17 Other reports also have found
that the true degree of stenosis tends to be underestimated
with angiography.23 Certainly, carotid stenosis could not
be accurately depicted from any view of a crescentic or
multi-lobular lumen. When an elliptical lumen is present,
the accuracy of stenosis estimation would depend on the
imaging angle, and both underestimations and overesti-
mations are possible.
Atherosclerosis at the carotid bifurcation generally
develops in the carotid bulb on the wall opposite of the
flow divider. This predilection corresponds to the
observed regions of low wall shear stress, flow separation,
flow reversal, and helical flow in this location in models of
the carotid bifurcation.24-26 Indeed, in 78% of the severely
atherosclerotic bifurcations in this study, the bulk of the
plaque in the ICA arose from the NFDW. In these cases,
the maximal stenosis was usually within 10 mm of the flow
divider. In contrast, when the plaque was based on the
FDW (22%), 10 of the 14 stenoses were 10 mm or more
beyond the flow divider. Secondary areas of low shear
stress and flow reversal may be more likely to occur along
the FDW as plaques mature and extend into the ICA. The
bifurcation angle also may determine the location of flow
separation and reversal. Our data show the angle formed
by the ICA and ECA was 42°± 13° (mean ± SD), which
was similar to that reported with angiograms (50°± 2°)
and cadaver studies (46°± 25°).25 Several other factors,
such as the resistance in the runoff beds of the ICA and
the ECA, the distensibility of the arterial wall, the non-
Newtonian characteristics of blood, and the pulsatile
nature of blood flow also influence the flow patterns and
plaque formation.
In conclusion, when we examined excised carotid
plaques with high-resolution MRI, surface irregularities,
including both ledges and ulcerations 2 mm or larger,
were the only morphologic features that correlated with
ipsilateral neurologic symptoms. It is logical to predict
from these data that patients with symptoms and major
plaque surface irregularities are at an increased risk of fur-
ther embolic events and that embolic events are more
likely to occur when plaques with irregularities larger than
2 mm are found in patients without symptoms. However,
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Table III. Plaque irregularities as seen by means of angiography and high-resolution magnetic resonance imaging
Clinical presentation Smooth Minor irregularity Major irregularity
Angiography (N = 50) 18 25 7
Specimen MRI (N = 50) 16 15 19
P < .02 by means of 2 test.
MRI, Magnetic resonance imaging.
proof that the presence of major irregularities is a means
of predicting a higher risk of ipsilateral stroke will require
a prospective trial with in vivo imaging that will routinely
image plaque surface morphology with 1-mm resolution.
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